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Tombusviruses are small, plus-sense, single-stranded RNA viruses of plants. RNA-dependent RNA polymerases (RdRp) of
two tombusviruses, Tomato bushy stunt virus (TBSV) and Cucumber necrosis virus (CNV), have been partially purified from
infected Nicotiana benthamiana plants. The obtained RdRp complexes are capable of de novo initiation of complementary
RNA synthesis using either plus- or minus-strand templates derived from tombusvirus defective interfering (DI) RNAs. In
addition to template-sized products, shorter than full-length products were also generated efficiently apparently because of
internal initiation of RNA synthesis by the tombusvirus RdRp. This property could be important for the formation of DI RNAs
that are observed in tombusvirus infections. The tombusvirus RdRp is also able to use heterologous RNAs derived from
satellite RNAs associated with Turnip crinkle virus (TCV) as templates. Generation of full-length, complementary RNA by the
tombusvirus RdRp suggests that it can correctly and efficiently recognize the heterologous TCV-specific promoters. Reduced
generation of a 39-terminal extension product in the preceding assay suggests that the previously characterized replication
enhancer present in sat-RNA C (Nagy et al., 1999, EMBO J. 18, 5653–5665) does not stimulate tombusvirus RdRp activity.
Taken together, these results suggest that template usage by the tombusvirus and carmovirus RdRps are similar, but not
identical. © 2000 Academic PressINTRODUCTION
Plant viruses with plus-strand RNA genomes are rep-
licated by RNA-dependent RNA polymerases (RdRp) in
infected cells in a two-step process. First, a complemen-
tary RNA is made from the invading plus strands. This is
followed by plus-strand RNA synthesis utilizing the mi-
nus-strand intermediates. Plant viral RdRps have been
found to consist of both viral-coded and host-coded pro-
teins (Quadt et al., 1993; de Graf and Jaspars, 1994; Buck,
1996). Intensive work to characterize the biochemical
properties of isolated plant viral RdRps revealed that
these enzymes are membrane bound in infected cells
and they are capable of de novo initiation of complemen-
tary RNA synthesis on selected template RNAs. Tem-
plate recognition and template specificity of some of the
plant viral RdRps have been characterized in vitro in
some detail. The list includes Brome mosaic virus (BMV)
(Adkins and Kao, 1998; Chapman and Kao, 1999), Turnip
crinkle virus (TCV) (Song and Simon, 1995b; Guan et al.,
1997), Turnip yellow mosaic virus (Singh and Dreher,
1997, 1998; Deiman et al., 2000), Alfalfa mosaic virus (de
Graf and Jaspars, 1994; Olsthoorn and Bol, 1999), and
Cucumber mosaic virus (Wu et al., 1991; Buck, 1996).
1 To whom correspondence and reprint requests should be ad-
ressed at University of Kentucky, Department of Plant Pathology,
-305, Ag. Sci. Bldg.-N, Lexington, KY 40546. Fax: (606) 323-1961. E-mail:
dnagy2@pop.uky.edu.279Tomato bushy stunt virus (TBSV) and Cucumber necro-
sis virus (CNV) are among the best-characterized mem-
bers of the tombusviruses. They have ;4.8-kb, single-
component plus-strand RNA genomes that are directly
translated into two proteins named p33 and p92 (Fig. 1)
(Russo et al., 1994). p92 is the result of translational
readthrough of the p33 stop codon and its level of accu-
mulation is ;20-fold less than that of p33 in infected
cells (Scholthof et al., 1995b). Previous in vivo studies
have demonstrated that both p33 and p92 are necessary
for tombusvirus accumulation (Scholthof et al., 1995b;
Oster et al., 1998). Based on sequence analysis, p92 is
proposed to have RNA-dependent RNA polymerase ac-
tivity (Haerne et al., 1990), whereas the role(s) of p33 is
not known. Recent work has suggested that p33 and the
homologous domain in p92 may be involved in subcel-
lular localization of the RdRp and, thus, tombusvirus
replication complexes to membranous cytosolic struc-
tures derived from peroxisomes or mitochondria (Bur-
gyan et al., 1996; Rubino and Russo, 1998).
Tombusviruses are frequently associated with defec-
tive interfering (DI) RNAs that are derived entirely from
the genomic RNA. The most frequently occurring DI
RNAs contain three or four short noncontiguous seg-
ments of the genomic RNA (Fig. 1) (Hillman et al., 1987;
Rubino et al., 1990; Finnen and Rochon, 1993; Chang et
al., 1995). These RNAs do not code for proteins and can
interfere with the accumulation of the genomic RNA and
reduce the intensity of symptoms in tombusvirus-in-
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280 NAGY AND POGANYfected plants (Hillman et al., 1987; Chang et al., 1995;
cholthof et al., 1995b). Their generation is thought to
ccur via step-wise deletions of sequences that are
ossibly mediated by the viral replicase complex (White
nd Morris, 1995b).
Purification and biochemical characterization of tom-
usvirus RdRp would help our understanding of the tom-
usvirus infection process in plants and possibly the
echanism of DI RNA formation. In this report, we dem-
nstrate that template-dependent RdRp can be purified
rom tombusvirus-infected plants and that the obtained
dRp preparations are capable of de novo initiation of
NA synthesis on both plus- and minus-stranded tem-
lates. We also compare properties of the tombusvirus
dRp to that from the related carmovirus, TCV.
RESULTS
reparation of RdRp activity
TBSV and CNV RdRps were solubilized from partially
urified particulate membrane containing fractions ob-
ained from either TBSV- or CNV-infected Nicothiana
FIG. 1. Schematic representation of the RNA genome of CNV, TBSV,
TCV, and of five prototypical subviral RNAs. The genomic RNAs of the
two tombusviruses (CNV and TBSV) and the related carmovirus (TCV)
have five open reading frames, of which two are expressed from the
genomic RNAs (shown by open boxes) and three (shown by solid
boxes) are expressed from two subgenomic RNAs. The noncontiguous
regions (indicated by roman numerals) from which the CNV-derived
DI-42 and the TBSV-derived DI-73 and DI-72 RNAs are derived are
depicted with solid bars below the genomic RNA. DI-72 RNA has an
additional deletion in region III/IV (as indicated by a thin line), when
compared to DI-73. The TCV-associated sat-RNA C is a chimeric RNA
containing sequences from sat-RNA D at its 59 region and two 39-
terminal regions derived from genomic TCV RNA. Sat-RNA D bears no
significant similarity with the genomic TCV RNA.enthamiana plants by using 4% Triton X-100. The solu-bilized complexes were fractionated by chromatography
with Sephacryl S500HR. Fractions were then treated with
micrococcal nuclease to remove endogenous RNA.
RdRp activity of each fraction was assayed using plus
strands of prototypical DI RNAs, TBSV DI-73 (Fig. 1)
(White and Morris, 1994a) for TBSV RdRp and CNV DI-42
(Finnen and Rochon, 1993) for CNV RdRp. Fractions con-
taining the highest RdRp activity were used in subse-
quent experiments. Note that, in the absence of added
templates, assays performed on the selected fractions
revealed only trace amounts of residual (endogenous)
templates of high molecular weight (.1000 nt; data not
shown). Similar fractions were also prepared and ana-
lyzed from mock-inoculated (uninfected) plants and no
RdRp activity was observed with added TBSV DI-73 tem-
plates (data not shown).
Comparison of plus- and minus-strand RNA template
usage of TBSV RdRp and CNV RdRp with that by TCV
RdRp
The partially purified TBSV RdRp can synthesize pre-
dominantly template-sized copies of the full-length plus-
stranded RNA transcripts of DI-73 (Fig. 2A, lane 1) with-
out added primers. The generated RdRp products in the
preceding reactions were S1 nuclease resistant, con-
firming the double-stranded nature of the RdRp products
and excluding the possibility that a terminal transferase-
like activity was responsible for labeling the template
RNA (Fig. 2A, lane 2). In addition to the plus strands, the
full-length minus-stranded RNA transcripts of DI-73 are
also used by the TBSV RdRp as templates. The overall
extent of RNA synthesis is much higher for the minus-
stranded than for the plus-stranded templates (compare
lanes 1 and 3, Fig. 2). Interestingly, several RNA products
of various sizes, including template-sized as well as
longer- and shorter-than-template-sized (based on their
migration in denaturing polyacrylamide gel), are gener-
ated with the minus-stranded templates (Fig. 2A, lane 3).
S1 nuclease treatment of these RdRp products demon-
strates that the template-sized product and several fast-
migrating RNAs are S1 nuclease insensitive (Fig. 2A,
lane 4). The template-sized product migrates as a diffuse
band in the untreated sample (Fig. 2A, lane 3), likely
resulting from the presence of an excess amount of
unlabeled template RNA. Accordingly, S1 nuclease treat-
ment that removes the excess template strands results
in a sharp template-sized complementary band (Fig. 2A,
lane 4; marked by an asterisk). The shorter-than-tem-
plate-sized RNA products are likely generated by internal
initiation on the template RNA, or alternatively, they may
result from premature termination of RNA synthesis by
the TBSV RdRp (see below). The longer-than-template-
sized RNA products are S1 nuclease sensitive (marked
with arrows in Fig. 2A, lanes 3 and 4). These RNAs may
be generated by 39-terminal extension (see below). Over-
all, an interesting feature of the DI-73(2) RNA template is
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281CHARACTERIZATION OF CNV AND TBSV RNA POLYMERASESthat most of the obtained RdRp products are not template
sized. This phenomenon has also been observed with
two other RdRps tested below.
The profile of RdRp products obtained with the CNV
FIG. 2. Comparison of template use of tombusvirus and carmovirus
RdRps. Representative denaturing gel analyses of radiolabeled RNA
products synthesized by in vitro transcription with (A) TBSV RdRp, (B)
NV RdRp, and (C) TCV RdRp are shown. Full-length plus or minus
trands of DI-73 RNA were used in equal amounts (3 mg) as templates.
alf the amount of RdRp products was treated with single-strand-
pecific S1 nuclease. The image contrast has been increased for the
1)-strand templates (lanes 1 and 2) to visualize faint bands. Template-
ized RdRp products (marked by asterisks) obtained with (2)-strand
I-73 RNA templates run as diffused bands (probably resulting from the
resence of an excess amount of template RNA) in the untreated
amples (lanes 1 and 3). RdRp products that are partially S1 nuclease
ensitive, are depicted by arrows. These products change their migra-
ion pattern after S1 nuclease treatment. M, single-stranded RNA mark-
rs (in bases).RdRp, using DI-73 plus- and minus-stranded RNAs, issimilar to that observed with the TBSV RdRp (Fig. 2B,
lanes 1–4). The CNV RdRp, similar to the TBSV RdRp,
used the minus-stranded template more efficiently than
the plus-stranded template. The observation that the
CNV RdRp can use the TBSV-derived DI-73 (and DI-72 as
well; see below) as templates is consistent with the
previous observation in vivo that CNV is capable of
replicating TBSV-associated DI RNAs as efficiently as the
homologous TBSV helper system (White and Morris,
1994a, 1995).
The TCV RdRp is also capable of using both plus- and
minus-stranded DI-73 RNA templates (Fig. 2C, lanes 1
and 3). In addition to the small amount of template-sized
complementary RNA product, a fast-migrating RdRp
product is also generated with the plus strand template.
The latter product is S1 nuclease sensitive and is likely
generated by 39-terminal extension by the TCV RdRp. The
minus-stranded TBSV DI-73 not only is a good template
for the TCV RdRp but it also generates three types of
products: template-sized and fast- and slowly migrating
products (Fig. 2C, lane 3). Overall, the profile of the
S1-digested RdRp products obtained with TCV RdRp is
similar to that obtained with the TBSV and CNV RdRps
(compare Figs. 2A and 2B, lane 3 with Fig. 2C, lane 3).
These data suggest that the mechanism of recognition of
TBSV DI RNAs by all three RdRps is very similar.
Plus-strand RNA template usage of the tombusvirus
RdRp
To further characterize template usage of the tombus-
virus RdRp, we have tested plus-stranded RNAs associ-
ated with tombusviruses, the closely related TCV and a
distantly related Qb bacteriophage. The plus-stranded
RNAs associated with tombusviruses, that is, DI-73 (788
nt) and DI-72 (621 nt) derived from TBSV (Fig. 1), DI-42
derived from CNV (435 nt) (Finnen and Rochon, 1993),
and sat-181 (619 nt) associated with Cymbidium ringspot
virus (CymRSV) (Rubino et al., 1990) are copied to tem-
plate-sized products with low, but comparable efficiency
by both TBSV (not shown) and CNV RdRps (Fig. 3, lanes
1–7). These RNA templates also give rise to shorter-than-
template-sized products, which are as abundant as the
template-sized products. These short RNA products are
S1 nuclease resistant and are likely generated by inter-
nal initiation on the template RNA (see below).
Plus strands of heterologous sat-RNA C associated
with TCV infections (Fig. 1) (Simon and Nagy, 1996) are
used by both TBSV (not shown) and CNV RdRps (Fig. 3,
lane 9). In addition to the template-sized product, a fast-
migrating S1 nuclease-sensitive product is also gener-
ated. The latter product is not generated by the TCV
RdRp (Song and Simon, 1994, 1995a), suggesting that the
template recognition by the tombusvirus RdRps is some-
what different from that of TCV RdRp (see also below).
Plus strands of TCV-associated sat-RNA D (Fig. 1) and
that of MDV RNA (a satellite RNA associated with Qb
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282 NAGY AND POGANYRdRp preparations) (Axelrod et al., 1991) are used rather
inefficiently (Fig. 3, lanes 11–14), while tRNA is used at an
undetectable level (not shown) by the CNV RdRp.
Minus-strand RNA template usage of the tombusvirus
RdRp
Four different minus-stranded RNA templates, that is,
DI-72 derived from TBSV (Fig. 1), DI-42 derived from CNV,
and both sat-RNA C and sat-RNA D associated with TCV
infections (Fig. 1) have been tested in both CNV (Fig. 4A)
and TBSV RdRp systems (Fig. 4B). Similar to DI-73, both
DI-72 and DI-42 give rise to several RNA products of
various sizes, either longer- or shorter-than-template-
sized (Figs. 4A and 4B). All four templates generate
template-sized, complementary RNAs efficiently (marked
by asterisks in Figs. 4A and 4B), demonstrating that the
tombusvirus RdRp can efficiently recognize these RNAs
and their initiation sites. S1 nuclease digestion of the
RdRp products reveals that all tombusvirus-derived DI
RNAs tested generate, in addition to the S1 nuclease-
resistant products, S1 nuclease-sensitive RdRp products
(marked by arrows in Fig. 4). Interestingly, (2) strands of
DI-72 and DI-42 support a number of shorter-than-tem-
plate-sized products that are S1 nuclease resistant.
Minus strands of TCV-associated sat-RNA C generate
a template-sized product efficiently (marked by an aster-
isk in Figs. 4A and 4B). In addition to this product, several
prevalent, fast-migrating, and S1 nuclease-resistant
products are also generated. These products have not
been observed with the TCV RdRp preparation (Fig. 4C)
(Song and Simon, 1994). Also, a slowly migrating product
that is partially S1 nuclease sensitive (marked by an
arrow in Figs. 4A–4C) and the most dominant product in
the TCV RdRp assay (Fig. 4C) (Song and Simon, 1994,
FIG. 3. Comparison of template activities of various (1)-strand satellit
of radiolabeled RNA products synthesized by in vitro transcription with
on the top. Template-sized RdRp products are marked by asterisks. The
and the denaturing gel analysis are as described in the legend to Fig1995a) is generated inefficiently by the CNV RdRp. The cdifferent profiles of RdRp products obtained with sat-RNA
C template in the tombusvirus and TCV RdRp assays
suggest that the recognition of cis-acting elements in
sat-RNA C is different by these RdRps. Minus strands of
TCV-associated sat-RNA D supported the efficient gen-
eration of full-length complementary products. Overall,
these data demonstrate that the CNV RdRp can recog-
nize efficiently the heterologous plus-strand initiation se-
quences present on sat-RNA C and sat-RNA D.
Recognition of minimal templates by the tombusvirus
RdRp
Promoter sequences are usually located at the 39 end
of the template RNAs for many plant viruses (see de Graf
and Jaspars, 1994; Buck, 1996). To test whether 39-termi-
nal sequences contain promoter elements in tombusvi-
rus DI RNAs, short RNA templates of both plus and
minus polarities were constructed and tested in the CNV
RdRp system (Fig. 5A). Construct 3942(1), which consists
f only the 39-terminal 42 nt from the plus-stranded DI-72,
upports complementary RNA synthesis (Fig. 5B), sug-
esting that this sequence contains a promoter element
or minus-strand initiation. Addition of three adenylates
o the very 39 end in construct 3942(1) has not altered
ither the site or the efficiency of initiation (see
942AAA(1) in Fig. 5B). In contrast, changing the three
s to three As in construct 3942DC-AAA(1) (Fig. 5B)
nhibits the initiation of full-length complementary RNA
ynthesis. This demonstrates that the 39-terminal Cs are
equired for initiation and they actually represent the site
f initiation.
Construct R1(2) (Fig. 5A), which represents region I in
he minus strands of DI 72, gives rise to a template-sized
I RNAs in a CNV RdRp assay. A representative denaturing gel analysis
Rp is shown. The satellite and DI RNAs used as templates are shown
t of templates, RdRp assays, S1 nuclease treatment of RdRp products,e and D
CNV Rd
amounomplementary RdRp product (Fig. 5C). This indicates
283CHARACTERIZATION OF CNV AND TBSV RNA POLYMERASESthat the 39-terminal 169 bases (two nucleotides at the 59
end of R1(2) are extra, nonviral) of DI-72 minus strands
contains a promoter element for plus-strand initiation. In
addition to the template-sized products, the R1(2) tem-
plate also supports some partially S1 sensitive RdRp
FIG. 4. Comparison of template activities of various (2)-strand sat-
ellite and DI RNAs in three different RdRp assays. Representative
denaturing gel analyses of radiolabeled RNA products synthesized by
in vitro transcription with (A) CNV RdRp, (B) TBSV RdRp, and (C) TCV
RdRp are shown. The satellite and DI RNAs used as templates are
shown on the top. Template-sized RdRp products that run as diffused
bands (possibly resulting from excess amounts of template RNAs
pushing the product forward) with tombusvirus templates in the un-
treated samples are marked by asterisks. Partially S1 nuclease-sensi-
tive products obtained with sat-RNA C [satC(2)] (2)-stranded tem-
plates are depicted by arrows. The amount of templates, RdRp assays,
S1 nuclease treatment of RdRp products, and the denaturing gel anal-
ysis are as described in the legend to Fig. 2.products (marked by arrows in Fig. 5C).Internal initiation versus premature termination
It is well established that tombusviruses can generate
DI RNAs easily and frequently in plant cells (White and
Morris, 1994b, 1995). The ability of the RdRp to initiate
internally on full-length templates may facilitate an RdRp-
driven template-switching mechanism of DI RNA forma-
tion by producing short RNA templates and/or RNA prim-
ers. To test the ability of CNV RdRp to initiate internally,
we constructed templates that lack the authentic 39-end
sequences. Region IV that contains the “core” minus-
strand initiation promoter (based on in vitro [see above]
and in vivo data [Havelda and Burgyan, 1995]) has been
deleted from DI-72. Interestingly, the resulting construct
R1-2-3(1) generates template-sized RdRp products (Fig.
FIG. 5. Localization of “core” promoter sequences in (1) and (2)
strands in DI-72 RNA. (A) Schematic representation of RNA constructs
used in a CNV RdRp assay. Construct 3942(1) represents 39-terminal
sequences of region IV in (1)-strand orientation, whereas construct
R1(2) contains (2)-strand sequences derived from region I of DI-72.
Representative denaturing gel analyses of radiolabeled RNA products
synthesized by in vitro transcription with CNV RdRp using (B) 3942(1)
and its derivatives and (C) R1(2) as templates. Template-sized RdRp
products are marked by asterisks. Samples of (B) are treated with S1
nuclease. The double band for constructs 3942(1) and 3942AAA(1)
may represent RdRp products that are initiated at one of the two
terminal Cs. The amount of templates, RdRp assays, S1 nuclease
treatment of RdRp products, and the denaturing gel analysis are as
described in the legend to Fig. 2.
284 NAGY AND POGANY6B). Deletions of regions III and IV (construct R1-2(1),
Fig. 6), or regions II, III, and IV (construct R1(1), Fig. 6) of
DI-72 RNA have not eliminated de novo (S1 nuclease-
resistant) complementary RNA synthesis in the CNV
RdRp assay (Fig. 6B). The slowest migrating products for
each 39 truncated construct are template sized and S1
nuclease resistant, suggesting that the sites of initiation
of RNA synthesis are at or close to the 39 end of the
template RNAs. These data demonstrate that the authen-
tic 39-end sequence is not required for generation of
some RdRp products. In addition, two similarly sized S1
nuclease-resistant RdRp products were found for con-
structs R1-2-3 and R1-2 (depicted by arrowheads in Fig.
6B, lanes 1–4). Similar RdRp products were also gener-
ated with the full-length DI-73 (1)- and DI-72 (1)-strand
RNAs as well (see Fig. 2A, lanes 1 and 2; and Fig. 3). The
observations that (1) the size of the RNA template did not
influence the generation of some fast-migrating RdRp
products and (2) efficient complementary RNA synthesis
occurred in the absence of authentic 39-end sequences
support the internal initiation model. On the contrary, the
preceding data make the premature termination model
less plausible, since this model assumes that comple-
mentary synthesis starts at the authentic 39 end of the
FIG. 6. Internal initiation of complementary RNA synthesis by the
CNV RdRp in the absence of original 39-end sequences. (A) Schematic
representation of RNA constructs used in a CNV RdRp assay. Each
construct is a 39 deletion derivative of DI-72 RNA (1) strands. (B) A
representative denaturing gel analysis of radiolabeled RNA products
synthesized by in vitro transcription with CNV RdRp. Template-sized
RdRp products are marked by asterisks. Three bands that represent S1
nuclease resistant RdRp products that are generated by internal initi-
ation are depicted by arrowheads on the left. The amount of templates,
RdRp assays, S1 nuclease treatment of RdRp products, and the dena-
turing gel analysis are as described in the legend to Fig. 2.template RNA and the RdRp terminates RNA synthesisprematurely without reaching the end of the template.
The above-mentioned studies, however, have not ex-
cluded that at least some of the shorter-than-template-
sized products obtained with full-length RNA templates
(Figs. 2 to 4) may be the result of premature termination.
In addition, RNA cleavage, although it is less likely to
occur than internal initiation, could also be responsible
for the generation of shorter-than-template-sized RNA
products in the preceding experiments.
To test whether internal initiation can occur on minus-
strand templates, the 39-terminal CC bases were re-
placed with a G in DI-42 RNA (see construct DI-42G(2),
Fig. 7A). Full-length complementary RdRp products were
generated inefficiently with DI-42G(2) when compared
to DI-42(2) (Fig. 7B), suggesting that the 39-terminal CC
bases are important for de novo initiation from the 39 end.
Interestingly, however, the amounts of seven RdRp prod-
ucts (marked by arrowheads in Fig. 7B) that are shorter
than template sized and S1 nuclease resistant are gen-
erated at similar level for both DI-42G(2) and DI-42(2).
This again strongly supports the internal initiation model
for the generation of shorter-than-template-sized RdRp
products.
Generation of two S1-sensitive products is greatly re-
duced for DI-42G(2) when compared to DI-42(2)
(marked with arrows in Fig. 7B, lanes 1 and 3). This is
expected from RdRp products that are generated by
39-terminal extension (self-priming), where the 39-termi-
nal bases are involved in base-pairing (Song and Simon,
1995a; Nagy and Simon, 1998a). Overall, the reduced
level of synthesis of these partially S1 nuclease-sensitive
products with DI-42G(2) as compared to that obtained
with DI-42(2) supports the model that the tombusvirus
RdRp is capable of 39-terminal extension. Generation of
both S1-sensitive and S1-insensitive RdRp products with
DI-42(2) RNA and other templates (see above) can be
best explained by assuming that the RNA template may
have more than one conformation. RNA templates with
alternative structures may determine whether the RdRp
can initiate de novo at the initiator sequence (promoter)
or it may use the 39 end of the template as primer. The
39-terminal extension reaction (“self-priming”) on the tem-
plate RNA is not unique to the tombusvirus RdRp and is
also generated in many in vitro RdRp systems, including
TCV (Song and Simon, 1995a; Nagy et al., 1998; Nagy and
Simon, 1998a,b), Poliovirus (Tuschall et al., 1982; Lubinski
et al., 1986, 1987; Hey et al., 1986), and Hepatitis C virus
(Behrens et al., 1996).
DISCUSSION
In this study, we describe the first in vitro RdRp sys-
tems obtained from tombusvirus-infected plants. The
tombusvirus RdRp was found to accept both plus- and
minus-strand templates. Similar observations have been
made for the TCV RdRp (Song and Simon, 1994). Inter-
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285CHARACTERIZATION OF CNV AND TBSV RNA POLYMERASESestingly, the BMV and CMV RdRp systems required one
extra (nontemplate-coded) base at the 39 end of the
emplates to initiate positive-strand synthesis (Sivakuma-
an and Kao, 1999; Wu et al., 1991, 1993). Since the last
39-terminal base of the minus strand is not known for
TBSV and CNV (Hearne et al., 1990; Rochon and Tre-
maine, 1989; Rochon and Johnston, 1991), we cannot
exclude that one of the 39-terminal CC bases in our
emplates is “extra,” i.e., not originally present in tombus-
iruses. These 39-terminal CC bases, however, are im-
FIG. 7. Inhibition of terminal initiation, but not internal initiation of
omplementary RNA synthesis by mutations at the 39 end of the
emplate. (A) Schematic representation of (2)-stranded RNA constructs
shown in 39 to 59 orientation) used in a CNV RdRp assay. DI-42 RNA is
erived from CNV and contains four noncontiguous regions (similar to
hat shown for DI-72 RNA in Fig. 1). GI-42G(2) is identical to DI-42(2),
xcept the 39-terminal CC bases are changed to a G. The putative site
f initiation is depicted by an arrow. (B) A representative denaturing gel
nalysis of radiolabeled RNA products synthesized by in vitro transcrip-
ion with CNV RdRp. Template-sized RdRp products are marked by
sterisks. Bands that represent S1 nuclease-resistant RdRp products
hat are generated by internal initiation are depicted by arrowheads on
he left. Partially S1 nuclease-sensitive products are depicted by ar-
ows. The amount of templates, RdRp assays, S1 nuclease treatment of
dRp products, and the denaturing gel analysis are as described in the
egend to Fig. 2.ortant for de novo initiation in vitro, since the amount of rtemplate-sized RdRp product was greatly reduced when
these CC bases were replaced with a G (Fig. 7B).
Comparison of template usage of the TBSV and CNV
RdRps revealed no significant differences between the
two systems. The profiles of RdRp products obtained
with TBSV-specific DI RNAs and CNV-specific DI-RNAs
were similar. Interestingly, the more distantly related TCV
RdRp generates products with the tombusvirus-related
templates that are similar to the products obtained with
the tombusvirus RdRps. This suggests that the cis-acting
elements present on tombusvirus DI RNAs are recog-
nized by the TCV RdRp. In contrast, the profile of RdRp
products obtained with the minus-stranded TCV-related
sat-RNA C templates are different in the two tombusvirus
RdRp systems when compared to the TCV RdRp (com-
pare Figs. 3 and 4, and Song and Simon, 1994). The most
striking difference is the greatly reduced amount of 39-
terminal extension product in the CNV (Fig. 4A) and TBSV
(Fig. 4B) RdRp assays, while it is the most dominant
product in the TCV assay (Fig. 4C) (Song and Simon,
1994, 1995a; Nagy, unpublished observations). There-
fore, we conclude that the RNA template usage of tom-
busvirus and carmovirus RdRps is similar in many as-
pects, but not identical.
The generation of the 39-terminal extension product in
the TCV RdRp assay is dependent on the presence of the
internally located motif1-hairpin (Song and Simon, 1995a;
Nagy, unpublished observations). Recently, we have
found that the motif1-hairpin functions as an RNA repli-
cation enhancer in vivo and in vitro (Nagy et al., 1999).
ur observation of reduced synthesis of the motif1-hair-
in-dependent 39-terminal extension product in the tom-
usvirus RdRp assay suggests that the motif1-hairpin
NA replication enhancer is recognized poorly by the
ombusvirus RdRps. This observation may indicate that
ne of the functions of a replication enhancer is to confer
level of template specificity in viral RNA replication. In
ontrast, the plus-strand initiation promoter of TCV-asso-
iated sat-RNAs is recognized correctly and efficiently by
he tombusvirus RdRp, suggesting that the role of this
romoter in template specificity and selectivity is low in
he carmovirus and tombusvirus systems.
Replacement of the 39-terminal CC bases with a G
esidue (Fig. 7B) resulted in decreased amounts of two
dRp products that were partially S1 nuclease sensitive.
ased on (1) the migration characteristics of these RdRp
roducts in denaturing polyacrylamide gels, (2) the role
f 39-terminal bases in the generation of these types of
dRp products, and (3) in combination with the S1 diges-
ion profile, it is very possible that these RdRp products
esult from the 39-terminal extension on the template
NAs. The ability of the tombusvirus RdRp to extend on
NA templates (“self-priming”) may have relevance to
NA recombination and DI RNA formation. The template-
witching mechanism of RNA recombination, proposed
o operate in several virus systems, including bromovi-
uses, carmoviruses, and tombusviruses, assumes that
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286 NAGY AND POGANYthe viral RdRp is capable of primer extension on the
acceptor RNA using an RNA primer, which usually is an
incomplete nascent RNA strand derived from the donor
RNA (Nagy and Simon, 1997). Results shown in Figs. 3
and 4 suggest that the tombusvirus RdRp is capable of
efficient 39-terminal extension (analogous to primer ex-
tension), which may explain the previous findings that
recombination and DI RNA formation are very frequent in
tombusvirus infections (Hillman et al., 1987; White and
Morris, 1995). In addition, this observation may indirectly
support the template-switching mechanism, similar to
that demonstrated for TCV (Nagy et al., 1998; Nagy and
Simon, 1998a,b).
An unusual feature of the tombusvirus RdRp is the
generation of many shorter-than-template-sized products
that are S1 nuclease resistant. Deletion of 39-end se-
quences (Fig. 6) and mutagenesis of the 39-terminal CC
bases to G base (Fig. 7) do not inhibit the generation of
these RdRp products. The preceding experiments
strongly support internal initiation of RNA synthesis as
the mechanism of their generation. Premature termina-
tion of RNA synthesis is less likely the mechanism, since
the above-mentioned modifications should decrease the
amounts of shorter-than-template-sized products as
much as they inhibited the synthesis of template-sized
products. The ability of the tombusvirus RdRp to effi-
ciently initiate RNA synthesis internally at several posi-
tions on both plus- and minus-strand templates may
have relevance for DI RNA formation and RNA recombi-
nation. Accordingly, the sites of internal initiation were
estimated to be close to the deletion junction sites (i.e.,
sequences located between different regions in the
genomic RNA; see Fig. 1) that were found in many DI
RNAs (Hillman et al., 1987; Knorr et al., 1991; Chang et al.,
1995). The observations that tombusvirus RdRp is capa-
ble of 39-terminal extension on primers (although dem-
onstrated only in a “self-priming” system) and that it can
initiate RNA synthesis internally may explain why tom-
busviruses are so prone to DI RNA formation and recom-
bination (Knorr et al., 1991; White and Morris, 1995).
MATERIALS AND METHODS
Plant inoculation
Two leaves of 3-week-old N. benthamiana plants were
inoculated with a total of 20 ml of inoculation buffer
ontaining 2 mg TBSV or CNV genomic RNA transcripts.
The transcripts for inoculation were obtained by stan-
dard T7 RNA transcription using SmaI linearized clones
of T100 for TBSV and pK2/M5 p20STOP for CNV. System-
ically infected leaves were harvested 7–10 days after
inoculation.
Preparation of RNA templates
For the in vitro experiments, RNA templates were ob-
tained by in vitro transcription reaction with T7 RNA poly- Emerase using either PCR-amplified DNA templates or pu-
rified and linearized plasmid DNA (Song and Simon, 1994;
Nagy et al., 1997). Constructs T100, DI-72XP, DI-73, and
sat-181, representing the full-length T7 RNA polymerase-
transcribable cDNA clones of TBSV genomic RNA, DI-72
RNA, DI-73 RNA (Hearne et al., 1990; White and Morris,
1994a), and sat-181, respectively, were the generous gifts of
Andy White. Constructs pK2/M5p20STOP (Rochon, 1991)
and DI-42 (Finnen and Rochon, 1993), representing the
full-length T7 RNA polymerase-transcribable cDNA clones
of CNV genomic RNA and DI-42 RNA, were the generous
gifts of D’Ann Rochon. pK2/M5p20STOP contains a muta-
tion within the p20 gene that eliminates the lethal necrosis
induced by the wt CNV in N. benthamiana. Constructs
sat-RNA C(1), sat-RNA C(2), sat-RNA D(1), sat-RNA D(2),
TCV (Song and Simon, 1994), and MDV (Axelrod et al., 1991)
were kindly provided by Anne Simon. Constructs DI-72(2),
DI-73(2), and DI-42(2) were obtained by PCR using DI-
72XR, DI-73, and DI-42 templates, respectively, with primers
TBSV/CNV/1F1G (59-GGAAATTCTCCAGGATTTCTC) and
T7/TBSV/4776R (59-GTAATACGACTCACTATA-GGGCTG-
CATTTCTGCAATGTTCC). RNA transcripts of R1-2-3(1), R1-
2(1), and R1(1) were generated from DI-72XPXN (Shapka
and Nagy, unpublished result) that was linearized with XhoI,
PstI, and XbaI, respectively. A similar PCR-based method
was used to generate R4(1) and R1(2) with the following
primer pairs: T7/TBSV/4776R (59-GTAATACGACTCACTA-
TA-GGGCTGCATTTCTGCAATGTTCC) with T7/TBSV/
REGION4F (59-GTAATACGACTCACTATAGGAATTCCT-
GTTTACGAAAG), and TBSV/CNV/1F1G (59-GGAAATTCTC-
AGGATTTCTC) in combination with T7/TBSV/REGION1R
59-GTAATACGACTCACTATAGGGCATGTCGCTTGTTT-
TTGG). Construct DI-42(2)G was obtained by PCR using
I-42 as a template with primers TBSV/1F/G (59-CAAAT-
CTCCAGGATTTCTC) and T7/CNV/4702R (59-GTAATAC-
ACTCACTATAGGG-CTGCATTTCTGCAATGTTC).
After T7 RNA transcription and phenol/chlorophorm
xtraction, unincorporated nucleotides were removed by
epeated ammonium-acetate/isopropanol precipitation
Song and Simon, 1994; Nagy et al., 1997). After ethanol
recipitation, the obtained RNA transcripts were dis-
olved in sterile water and their amount and size were
easured by a UV spectrophotometer and 5% polyacryl-
mide/8 M urea gel (denaturing PAGE) analysis (Nagy et
l., 1997).
dRp preparation
The method used to partially purify tombusvirus RdRp
s a combination of the methods used to obtain TCV
Song and Simon, 1994) and BMV (Kao et al., 1992) RdRp
reparations. All steps were carried out on ice or in a
old room. Leaves (20 g) from virus-infected or unin-
ected plants were ground in a mortar with 10 g white
uartz sand in 30 ml fresh cold Buffer A, containing 50
M Tris–HCl, pH 8.0, 15 mM MgCl2, 10 mM KCl, 2 mMDTA, 20% (v/v) glycerol, 300 ml of proteinase inhibitor
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287CHARACTERIZATION OF CNV AND TBSV RNA POLYMERASEScocktail (Sigma, ST. Louis, MO), and 189 ml 2-mercapto-
ethanol. After centrifugation for 10 min at 300 g, the
supernatant was centrifuged at 43,000 g for 20 min. The
pellet was resuspended in 8 ml of prechilled Buffer B (50
mM Tris–HCl, pH 8.0, 10 mM MgCl2, 1 mM EDTA, 6% (v/v)
glycerol, 80 ml of proteinase inhibitor cocktail, and 50 ml
2-mercaptoethanol) and 1.2 M NaCl, followed by stirring
for 20 min. The pellet was collected by centrifugation at
43,000 g for 20 min. This was followed by resuspending
he pellet in 2.0 ml of Buffer B containing 4% of Triton
-100 and 1.5 M LiCl and stirring it for 60 min. The
reparation was then centrifuged first at 43,000 g for 20
in followed by recentrifugation of the supernatant at
00,000 g for 1 h. Subsequently, the supernatant was
oaded onto Sephacryl 500HR column (Amersham Phar-
acia Biotech, Piscataway, NJ), preequliberated with
uffer B containing 0.5% Triton X-100. Fractions (2 ml)
ere collected and stored at 280°C. To remove residual
NAs from the RdRp fractions, micrococcal nuclease
USB Scientific, Cleveland, OH) was added prior to the
dRp reaction according to Osman and Buck (1996), with
he exception of using 2 U/ml of enzyme. EGTA at 5 mM
inal concentration was added to inactivate the micro-
occal nuclease.
dRp assay
RdRp reactions (50 ml) were carried out as previously
described for TCV (Song and Simon, 1994; Nagy et al.,
1997), with the exception that the reaction was incubated
at 25°C. Each RdRp reaction contained 3 mg of template
NA. After phenol/chloroform extraction and ammonium-
cetate/isopropanol precipitation, half the amount of the
dRp products was treated with S1 nuclease as de-
cribed previously (Nagy et al., 1998). Subsequently, the
dRp products were analyzed on 20- or 32-cm-long de-
aturing 5% PAGE/8 M urea gels, followed by analysis
ith a phosphorimager as described (Nagy et al., 1997).
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